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Although it has been known for centuries that diabetes occurs in families, the genetics of the disease have been poorly understood. This has been due largely to a failure to appreciate that diabetes is a heterogeneous group of disorders, and no more to be regarded as a single disease than anaemia. Until fairly recently most of the statistical studies on the inheritance of diabetes have treated it as a single entity. However, the only common factor in the various syndromes that are included under the heading of diabetes is an elevated blood glucose. A better understanding of the many processes involved in the control of blood glucose levels has made clear the multifactorial nature of diabetes, and this understanding is a necessary prerequisite for an insight into the aetiology and inheritance ofdiabetes. The real problem today is not how diabetes is inherited, but more importantly what the nature is of the inherited defects that can lead to diabetes.
Insulin
The role of insulin in the control of blood glucose is unique. It is the only hormone which can reduce the level of circulating glucose, and it can counteract the effect of the several hormones which tend to elevate blood sugar levels by hepatic glycogenolysis or by gluconeogenesis. The beta cell of the pancreatic islets is capable ofreleasing insulin in response to a variety ofsignals, including substrates, hormones and drugs (Table I ). The substrates act on receptors on the 
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Amino acids Lipid metabolites Hormones -Glucagon ACTH GIP Drugs surface of the beta cell, and include sugars, amino acids and lipid metabolites, but there is a considerable specificity of response, both in respect ofthe type ofsubstrate and of the quantity present. In particular, there are probably specific glucoreceptors sensitive to any rise of blood glucose above normal fasting levels.Several hormones are known to affect the release ofinsulin from the beta cell. For example, glucagon and gastric inhibitory polypeptide (GIP) probably I HenryBarnes Lecture read to the Section of Medicine, Experimental Medicine and Therapeutics, 3 May 1977 act directly on the beta cell and, irrespective of the glucose level,can lead to a release ofinsulin. Somatostatin exerts an opposite effect and can suppress the release of insulin. Once the appropriate stimulus has been received by the surface receptors, the initiation of proinsulinsynthesis takes place in the rough endoplasmic reticulum within the beta cell ( Figure  I ). Once formed, proinsulin is transferred to the Golgi complex where the conversion of proinsulin to insulin occurs. Mature granules of insulin are released from the Golgi apparatus and become attached to the microtubular system. The granules are enclosed in membranous Figure I. Schematic representation of the morphological organization ofthe biosynthetic and secretory apparatus of the pancreatic beta cell. (Reproduced from Kemmler et al. 1972, by kind permission) sacks and are displaced by the process of emiocytosis (exocytosis) to the cell surface. The membranous sacks enclosing the granules fuse with the plasma.membrane preparatory to the release of granules containing insulin into the blood. The mechanism whereby granules are moved to the cell surface has evoked great interest. It is probably an active process and mediated by contractile proteins such as actomyosin (Ostlund 1977) .
Insulin from the beta cell is released into the portal system and the most immediate effect, and perhaps the most important one, takes place in the liver rather than in the peripheral tissues. About 60% of insulin entering the liver is inactivated by liver enzymes, such as glutathione insulin transhydrogenase, responsible for breaking the disulphide bridges between the A and B chains. However, there is no evidence that diabetes ever results from increased hepatic destruction of insulin. Indeed, in cirrhosis the reverse occurs. The liver fails to inactivate insulin with consequent increased levels of circulating insulin (Johnston et al. 1977) .
The classical work on immunoassay by Yalow & Berson (1960) provided an accurate and reproducible technique for the measurement of circulating insulin. Their method brought about the realization that diabetes could be associated with a high level of circulating insulin. This apparent contradiction could be explained if insulin were rendered ineffective. Hence, a search was made for mechanisms by which insulin could be inactivated or antagonized by factors in the serum. Vallance-Owen (1964) described a synalbumen antagonist; Antoniades et al. (1965) found that insulin could be inactivated by abnormal protein binding; and atypical or nonsuppressible insulins were also described by Burgi et al. (1966) . However, many of these antagonists and abnormalities appear to be more active in vitrothan in vivo and enthusiasm has waned as to their likely part in the pathogenesis of diabetes. Furthermore, a better explanation for the high levels of circulating insulin in certain types of diabetes has been provided by Cuatrecasas (1971) and by Archer et al. (1975) in their studies on insulin receptors on the surface of peripheral cells. They found that in obese subjects, persistently high concentrations of insulin in the blood were associated with tissue insensitivity to the action of insulin, and that this insensitivity was due to a reduction in the number ofinsulin receptors on the surface of the peripheral cells. The receptors are molecular aggregates which bind to insulin and start a chain of reactions ending in the uptake and storage of glucose. When insulin is unable to act effectively at tissue level because of a paucity of receptors, blood glucose levels remain elevated and this provokes further production of insulin. Surprisingly, the restriction of food intake and reduction in weight leads to an increase in the number of receptor sites and, therefore, improved insulin sensitivity and a fall in blood glucose. The mechanism by which the available number of receptor sites is regulated is not understood.
A failure of glucostasis can qccur when any of the mechanisms involved in the stimulation, production, transport or tissue receptivity of insulin is damaged or disorganized. There can be a failure of response of the receptors ofthe beta cells. Within the cell there can be a failure of the steps needed to form proinsulin, to break down proinsulin to insulin, or to release properly formed insulin. Insulin adequately released may be excessively destroyed by liver enzymes. Assuming insulin is not blocked by antagonists, there can be failure or deficiency of the peripheral cell receptors.
However, insulin is not the only hormone to affect glucose metabolism and it would be ingenuous to assume that it acts in isolation. Blood glucose can become elevated due to an imbalance in the action of insulin and that of other hormones ( Entero-insular axis The passage of food through the bowel leads to a release of gastrointestinal hormones and an increase of insulin output. In normal subjects, insulin secretion is considerably greater (as much as 40 %greater) when glucose is given orally than when it is given intravenously. This phenomenon is probably due to the stimulation of the beta cell by one or more gut hormones, and is known as the entero-insular axis. Although several of the gut hormones could be responsible, the most likely is the gastric inhibitory polypeptide (GIP). This hormone demonstrably increases the output of insulin both in vivo and in vitro, and is freely released in response to glucose ingestion by mouth (Brown et al. 1978) . In maturity onset diabetes the output of GIP is usually greater than normal and certainly not lower than normal. Its role in the pathogenesis of diabetes is uncertain, and it seems likely that the raised GIP level is more a result of the diabetic state than a cause of it.
The islet cells
The islet cells of the pancreas produce not only insulin from the beta cells, but also glucagon from the alpha cells, somatostatin from the delta cells, and pancreatic polypeptide from the delta one (Dl) cells. Much speculation and research has been applied to the possible interrelationship of these hormones. Recent electron microscopic studies have demonstrated gap junctions between alpha and beta cells (Orci et al. 1975) , and these may be channels of molecular communication. In response to certain secretogogues, glucagon is released before insulin (Pek et al. 1976 ) and glucagon may stimulate the production of insulin directly, by passage from the alpha to the beta cell, without the intervention of changes in blood glucose (Samols et al. 1965) . In human diabetes the levels of glucagon tend to be high. This led Unger (1976) to propound his 'double trouble' theory, which proposes that the raised blood glucose in diabetes is due not merely to the absence of insulin but also to an excessive action of glucagon. However, Barnes et al. (1975) were unable to demonstrate that glucagon played any major role in the control of blood sugar levels in insulin-dependent diabetics, although high levels of glucagon may be responsible for inducing ketosis (Alberti et al. 1975) . Certainly in glucagonomas, excessively high levels of glucagon lead only to mild diabetes without obvious ketoacidosis (Mallinson et al. 1974) .
The function of the delta cells of the islets has long been an enigma, and the revelation by Polak et al. (1975) that these cells produce somatostatin came as something of a surprise. Somatostatin is secreted by the hypothalamus and this has been regarded as the sole site of its production. Somatostatin has a profound inhibitory effect not only on the production of growth hormone, but on many other hormones as well, including insulin and glucagon. A somatostatin-producing tumour of the delta cells of the pancreas has recently been described and its nature determined by the combined efforts ofcentres in Denmark, Sweden and Canada (Larsson et al. 1977) . This somatostatinoma gave rise to the clinical abnormalities of hypochlorhydria, steatorrhoea, and a diabetic glucose tolerance curve, the last presumably due to suppression of insulin.
A further hormone has been found in the Dl cells ofthe islets and in the exocrine tissue ofthe pancreas (Larsson et al. 1975) . It has been given the uncommitted name of pancreatic polypeptide (PP). PP has been found to coexist with hormones produced by various pancreatic tumours (Polak et al. 1976 ), but its mode of action in man has yet to be elucidated. High levels have been found in juvenile diabetics, and hyperplasia of the D 1 cells has been noted in postmortem material of similar cases (Gepts et al. 1977) . From evidence obtained with experimental animals, it may play an important regulatory role in the release of other islet hormones (Gates & Lazarus 1977) . The New Zealand obese mouse is an experimental model characterized by diabetes associated with hyperinsulinaemia. Intraperitoneal injections of avian bovine PP into these animals led to a reversal to normal in respect of weight and glucose tolerance. Further, transplantation of islet cells from white mice into the New Zealand mouse had a similar effect. Since the implanted islets secreted PP, it is suggested that the New Zealand mouse had diabetes because it lacked this hormone. These findings could, perhaps,be extrapolated to the maturity onset human diabetes. Further study is needed.
The islet cells of the pancreas produce at least four hormones: insulin, glucagon, somatostatin and pancreatic polypeptide, with a demonstrable interaction between them. A disorder of their synergism could playa pivotal role in the pathogenesis of diabetes.
Other hormones
The importance of growth hormone in the development of diabetes is a controversial one. Growth hormone exerts a diabetogenic effect, leading to increased lipolysis and ketoacidosis, as well as a raised blood glucose. Levels of growth hormone are higher than normal in young diabetics after exercise, or if poorly controlled. Nevertheless, in acromegaly, the clinical syndrome where growth hormone level is at its highest, only about 25 % of cases develop diabetes and most of these have a family history of the disorder. There is no good evidence that growth hormone causes retinopathy, yet it is established that pituitary ablation leads to an amelioration of retinopathy, the degree of success being inversely related to the level of growth hormone. The most likely explanation is that growth hormone plays a permissive role in the development and progression of diabetic retinopathy.
It was assumed that growth hormone acted directly on the target organs, but the presence of factors in the serum have been demonstrated which promote growth at a cellular level. These factors act under the influence of growth hormone and have been given the generic name of somatomedin. According to present theory, growth hormone promotes the generation of somatomedin in the serum and this acts on the appropriate tissue. It seems likely that somatomedin represents several factors of similar structure, probably formed in the liver. One of these has an insulin-like effect and can compete with insulin for tissue receptor sites, though probably not to a significant degree. This factor is not suppressed by anti-insulin serum (Chochinov & Daughaday 1976) , and has been given the name NSILA (nonsuppressible insulin-like action). It possesses some of the properties of insulin but appears to be more active in vitro than in vivo. There is no evidence as yet that it plays any part in the pathogenesis of diabetes.
The metabolic effect of cortisol is a marked enhancement of gluconeogenesis with consequent hyperglycaemia, a reaction normally offset by increased production of insulin, Steroid therapy in man will lead to diabetes perhaps because the islet-cell reserves have been exhausted by constant stress. This idea implies that even the healthy beta cell is not inexhaustible in its capacity to produce insulin. Certainly, in the short term this is difficult to demonstrate (Vinik et al. 1976 ) and it remains a possibility that cortisone has a more direct suppressive effect on the beta cell or on tissue resistance to insulin. In Cushing's syndrome, something like 25 % of cases show overt diabetes and a much higher proportion show impairment of glucose tolerance. Successful treatment of the syndrome usually leads to regression of the diabetes, so that the changes are reversible.
Of the other hormones which affect glucose metabolism brief mention should be made of thyroxine, adrenalin and the oestrogens. Cases of thyrotoxicosis usually show an impairment of glucose tolerance, though this reverts to normal when the thyrotoxicosis is controlled. Adrenalin mobilizes glucose from the liver and was used for the treatment of hypoglycaemia before glucagon became available. Patients with phaeochromocytoma commonly show disorders of glucose tolerance and occasionally may present with diabetes rather than hypertension. This is more likely to occur when the proportion of adrenalin to noradrenalin is greater than is usual with these tumours. Oestrogens administered for contraceptive or menopausal reasons may give rise to a modest deterioration ofglucose tolerance, and diabetic women who go on the pill may find that they need some more insulin. However, this is seldom a significant clinical problem, and an investigation by the Royal College ofGeneral Practitioners (1974) found no evidence that women on the pill have a higher incidence of diabetes than controls.
Syndromes in diabetes
Having looked briefly at mechanisms controlling the level of blood glucose, some of the diabetic syndromes in which this control is seriously disturbed can be examined (Table 3) . Many of these mechanisms may be altered by genetic influence and some by environmental factors.
Genetic syndromes
The first group comprises disorders usually manifest in childhood, and in which diabetes will inevitably develop irrespective of stress or environment. It includes syndromes, clinically spectacular though very rare, in which diabetes is associated with diseases of the nervous and neuroendocrine system, including diabetes insipidus, obesity, deafness, opticatrophy, retinitis pigmentosa. Friedreich's ataxia and polyneuritis. Various combinations of these disorders have been described with the acronym DIDMO (diabetes insipidus, diabetes mellitus and optic atrophy) and others with eponyms such as Refsum's syndrome. Since a number of these disorders are reported as occurring in sibs, it is likely that the mode ofinheritance is autosomal recessive (Rose et al. 1966) . The clinical heterogeneity makes it possible that more than one genetic locus is affected, since it is difficult to accept that one disordered gene can be sufficiently pleiotropic to give rise to such disparate features. However, Pearse (1969) has proposed that the endocrine system develops at an early embryological stage from the neural crest, and that endocrine cells then migrate to the periphery, including the gut and pancreas. In confirmation of this theory is the recent discovery of hormonal peptides present both in the brain and in the peripheral tissue. It is a reasonable assumption that these rare diabetic syndromes are due to a mutant gene which leads to a maldevelopment of the neurectoderm in embryo. This would explain the simultaneous involvement of nervous tissue, the neuroendocrine system and peripheral endocrine cells such as the beta cell, since all may have a common embryological source.
Maturity onset diabetes
This group comprises the most common form of diabetes, often designated maturity onset or type II diabetes. It is by no means certain that this is a homogeneous group though there are many features in common. In diabetics ofthis type, the most obvious clinical characteristics are that they usually do not need insulin, are not prone to ketoacidosis, respond to sulphonylureas, have a normal or high insulin output but a sluggish insulin response to a glucose load. Maturity onset diabetes comes on more commonly in middle age than in childhood, the symptoms are mild and the onset insidious. It usually responds to reduced intake of food and loss of weight. There is no evidence of seasonal influence and no correlation with any histocompatibility haplotype or with islet cell antibodies, as in juvenile (type I) diabetes. The difference between type II and type I diabetes has been neatly emphasized by MacDonald (1974) who showed that there was no greater incidence of maturity onset diabetes in the ancestors of juvenile diabetics than in those of nondiabetics.
The genetic inheritance of type II diabetes has been subject to much statistical analysis and speculative attempts to make the figures fit the fancy. Two modern studies are of particular interest and value. Tattersall & Fajans (1975) looked at the rather unusual type II diabetes occurring in young people. The family history was so strong in these cases as to suggest a dominant inheritance. Tattersall & Pyke (1972) demonstrated that when diabetes arose in identical twins over the age of 40 years it was almost always concordant. However, it is doubtful whether either of these studies apply to the generalities of maturity onset diabetes. There is a dearth of reliable evidence, partly because the available statistics are bedevilled by a lack of specificity in diagnosis. For example, it is known that glucose tolerance deteriorates with age (Fitzgerald & Keen 1964) and when considering the older population there is no distinction between the physiological and pathological. Perhaps the most acceptable explanation at present is that type II diabetes is multifactorial. There is undoubtedly a genetic background, but for diabetes to appear overtly, environmental stress or hormone imbalance must playa part.
Much work has been undertaken to elucidate the nature of the inherited defect in type II diabetes. Perhaps the most significant demonstrable disorder is that of an impoverished or delayed response to a glucose stimulus (Cerasi & Luft 1963) . The insulin response in these cases is normal to arginine and tolbutamide, suggesting the inherited deficiency of the beta-cell receptor may be specific for glucose (Monson et al. 1977) . However, this defect will only lead to diabetes when hormonal or environmental stress increases the load. In acromegaly and Cushing's syndrome diabetes is more common in those subjects with a family history of diabetes, perhaps because excess growth hormone or cortisol applies further stress to a genetically unreceptive beta cell.
Of the environmental factors, obesity is the most obvious. As Kobberling (1971) has demonstrated, the frequency of diabetes in the siblings of type II diabetics is significantly increased in those who are overweight. Cuatrecasas (1971) has provided a convincing explanation of this phenomenon. The number of surface receptors on the adipose cells are considerably diminished in obesity, causing a diminished clearance of glucose and subsequently an increased output of insulin to overcome this peripheral tissue insensitivity. Ultimately the beta cell, already geneticaIly imperfect, is unable to respond fully to the increased demands of a rising blood glucose, and diabetes results. Although the output of insulin is raised, it is inappropriate to the needs.
Juvenile onset diabetes
A third broad group of diabetes is that ofjuvenile onset diabetes, sometimes designated type I. The clinical features of this group are familiar. It occurs in children and young adults but may come at any age. Although some type II diabetics ultimately need insulin, in type I diabetes insulin is necessary either at diagnosis or soon after. The symptoms of thirst, polyuria, loss of weight and lassitude are usuaIly pronounced and the urine contains both sugar and acetone. The evidence at present suggests that type I diabetics are born with a healthy islet-cell function and a healthy capacity to produce insulin. There is no reliable evidence of an inherited disorder of the glucostatic mechanism. What appears to be inherited is a genetic susceptibility to environmental influences which can damage the islet cells. Three lines of investigation have led to this hypothesis: genetic, epidemiological and immunological.
In 1972, a register of newly diagnosed diabetic children was initiated ). The first fourteen hundred questionnaires revealed a history ofdiabetes in a first degree relative in II% of patients. Since the incidence of first degree relatives with diabetes in nondiabetic children is probably about 1% (Calnan & Peckham 1977) , the incidence of diabetes in first degree relatives is about eleven times as high for diabetic children as for controls, implying that there must be a genetic factor. However, since nearly 90 %of children with diabetes have no first degree relative with the disorder, the genetic factor cannot be a strong one. Nerup et al. (1974) and Cudworth & Woodrow (1975) were the first to establish that certain histocompatibility haplotypes were more common in type I diabetics than in controls or type II diabetics. In particular, HLA-B8, BWI5 and BI8 haplotypes appear to be two or three times as common as in controls. These findings lend support to the concept that possession ofcertain histocompatibility phenotypes confers a susceptibility to beta-cell destruction by an environmental agent.
It has long been suspected that diabetes in children can be caused by a virus infection. In particular it has been recognized that diabetes can follow as episode ofmumps and that rubella in pregnancy can cause diabetes in the offspring (Forrest et al. 1971) . In early studies of over 2000 children notified to the Diabetic Register, two striking features have emerged in regard to seasonal variation. First, the incidence of new cases occurring in older children was nearly three times as high in the winter months as in the summer; and secondly, in children under the age of 5 years no such pattern emerged, the incidence remaining the same throughout the year. Children aged 5 to IS years have the highest incidence of diabetes from December to March and the lowest in June and July. Symptoms are usually present for several weeks before diagnosis but the seasonal incidence by date of onset of symptoms did not materially alter the pattern. These findings in older children closely mimic the seasonal pattern of infections occurring in normal childhood, and points to infection as a likely aetiological factor in the onset of diabetes. No convincing explanation exists for the absence of seasonal variation in babies and small children, but it suggests that congenital factors may be more important than environmental ones in this age group.
No particular virus has as yet been identified as a likely cause of diabetes in children, nor indeed is it necessary to assume that only one virus is involved. Moreover, it is at least feasible that if a single virus is involved it may not yet have been identified, as was so long true of the virus causing hepatitis. Gamble et al. (1969) have demonstrated that Coxsackie B4 virus is more common in some groups of newly diagnosed diabetic children than in controls, but further evidence is needed in this direction. Of great interest is the recent demonstration (Cudworth et al. 1977 )that type I diabetics in this country with B8 and BWI5 phenotypes tend to cluster during the winter peak of incidence of diabetes. Subjects who were BW IS positive, and in particular those who were both BWIS and B8 positive had higher neutralizing antibody titres to Coxsackie virus types. Barbosa (1977) found a similar correlation between this histocompatibility identity and the development of diabetes in the winter months. These findings are the first epidemiological link between the possession of certain HLA haplotypes and a particular virus infection associated with diabetes.
Immunological studies have established the presence of antibodies to islet cells in newly diagnosed juvenile diabetics (Lendrum et al. 1976 , Irvine et al. 1977 . Immediately after diagnosis, islet-cell antibodies were found in 85 %of type I patients but antibodies became less common as the duration of the disease increased. Attempts to correlate the presence of these antibodies with HLA phenotypes or viral antibody titres have not been uniformly successful.
Three sets of data have, therefore, to be encompassed in explaining the onset ofjuvenile type diabetes. There is an hereditary factor which is significantly associated with HLA phenotypes; there appears to be a susceptibility to a virus infection; and antibodies to islet-cell tissue are formed but are not sustained. An explanation that would incorporate these facts is that inheritance of certain HLA phenotypes confers a susceptibility to virus infections pathogenic to the islet cells. When the virus damages the islet cells it releases antigenic products which in turn leads to the production of antibodies. The antigen-antibody reaction then destroys the beta cells giving rise to diabetes.
Multiple immunopathy
A further group of diabetes is that associated with a more widespread and permanent disorder of the immunity system. It has long been recognized that insulin-dependent diabetes often coexists with ailments now regarded as due to autoimmunity. These include vitiligo, alopecia. pernicious anaemia, Addison's disease, hypogonadism and thyroid disorders. Antibodies to the appropriate organs are often detectable. The only common linking factor in these diseases is organ specific autoimmunity, both humoral and cellular. The presence of permanent antibodies to islet cells confirms that in these cases diabetes is merely one aspect of a primary immunity disorder.
Islet cell destruction (secondary diabetes)
Another group is that in which there is mechanical destruction ofthe islet cells of the pancreas. This can occur in surgical pancreatectomy, haemochromatosis, acute, recurrent and chronic relapsing pancreatitis. However, even in these disorders there can be an interplay with genetic factors. Both haemochromatosis and recurrent relapsing pancreatitis are more likely to lead to diabetes in those with a familial background of diabetes.
In conclusion, the term diabetes applies to a heterogeneous collection of disorders characterized by hyperglycaemia. This being so, it is fruitless to look for a common genetic, hormonal or environmental theme which applies to all cases. Every patient who presents with diabetes poses the question as to its cause, and this is a question we are only beginning to ask, much less to answer.
